Madden CJ, Morrison SF. Neurons in the paraventricular nucleus of the hypothalamus inhibit sympathetic outflow to brown adipose tissue. Am J Physiol Regul Integr Comp Physiol 296: R831-R843, 2009. First published January 7, 2009 doi:10.1152/ajpregu.91007.2008.-The paraventricular nucleus of the hypothalamus (PVH) plays an important role in energy homeostasis, regulating neuroendocrine, behavioral, and autonomic functions. However, the role of the PVH in regulating thermogenesis and energy expenditure in brown adipose tissue (BAT) is unclear. The present study investigated the effect of activating neurons within the PVH on BAT thermogenesis. In urethane-and chloralose-anesthetized, artificially ventilated rats maintained at a core body temperature of 37.0 -38.0°C, microinjection of N-methyl-D-aspartate (NMDA, 12 pmol in 60 nl) in the PVH did not increase BAT sympathetic nerve activity (SNA) or BAT thermogenesis. In contrast, the increase in BAT SNA evoked by body cooling was completely reversed by microinjection of NMDA in the PVH. Additionally, the increases in BAT SNA evoked by body cooling, by microinjection of prostaglandin E 2 (170 pmol in 60 nl) in the medial preoptic area or by microinjection of bicuculline (30 pmol in 60 nl) in the dorsomedial hypothalamus were completely reversed by microinjection of bicuculline (30 pmol in 60 nl) in the PVH. Although the increases in BAT SNA and thermogenesis evoked by microinjection of NMDA (12 pmol in 60 nl) in the raphe pallidus (RPa) was markedly attenuated following microinjection of bicuculline (30 pmol) in the PVH, the increases in BAT SNA and thermogenesis evoked by microinjection of bicuculline (30 pmol in 60 nl) in the RPa were unaffected by microinjection of bicuculline in the PVH. These results demonstrate that disinhibition of neurons in the PVH inhibits BAT SNA likely via activation of a GABAergic input to BAT sympathetic premotor neurons in the RPa. thermoregulation; sympathetic premotor neurons; raphe; paraventricular nucleus; metabolism BROWN ADIPOSE TISSUE (BAT) can contribute to energy homeostasis in rodents (22) and humans (32) through its mitochondrial uncoupling protein 1 (UCP-1)-mediated metabolism of free fatty acids to produce heat for thermoregulation and for metabolic energy expenditure. The paraventricular nucleus of the hypothalamus (PVH) plays an important role in energy homeostasis, regulating autonomic and neuroendocrine functions as well as behavior. The PVH contains a large number of neurons that are labeled following injection of transsynaptic viral tracer into BAT (3, 6, 34, 51) , supporting the widely accepted role for PVH neurons in driving sympathetic outflow to BAT (29, 45, 47) . However, the physiological evidence supporting a role of the PVH in regulating sympathetically mediated thermogenesis and energy expenditure in BAT remains unclear.
BROWN ADIPOSE TISSUE (BAT) can contribute to energy homeostasis in rodents (22) and humans (32) through its mitochondrial uncoupling protein 1 (UCP-1)-mediated metabolism of free fatty acids to produce heat for thermoregulation and for metabolic energy expenditure. The paraventricular nucleus of the hypothalamus (PVH) plays an important role in energy homeostasis, regulating autonomic and neuroendocrine functions as well as behavior. The PVH contains a large number of neurons that are labeled following injection of transsynaptic viral tracer into BAT (3, 6, 34, 51) , supporting the widely accepted role for PVH neurons in driving sympathetic outflow to BAT (29, 45, 47) . However, the physiological evidence supporting a role of the PVH in regulating sympathetically mediated thermogenesis and energy expenditure in BAT remains unclear.
Increases in BAT and core body temperatures following microinjection of glutamate in the PVH has led to the suggestion that stimulation of neurons in the PVH activates thermogenesis in BAT (1) . However, this conclusion is questionable since 1) high concentrations of glutamate (100 -500 mM) were used, 2) there was no histological localization of the injection sites, 3) appropriate anatomical control injections were not performed, and 4) activation of neurons in the dorsomedial hypothalamus (DMH), located in close proximity to the PVH, increases the sympathetic outflow to BAT (7, 25, 52, 53) .
A role for PVH neurons in driving the sympathetic outflow to BAT has also been suggested from the ability of PVH lesions to reduce the febrile-evoked increases in body temperature (4, 16, 23) . Although BAT thermogenesis contributes to fever (5, 14) , the effects of PVH lesions on BAT activation during fever are difficult to determine from these studies since no specific indexes of BAT thermogenesis were measured. The reductions in febrile increases in core body temperature following PVH lesions could have been due, for instance, to a reduction in cutaneous vasoconstriction or in adrenal catecholamine secretion. Thus, in the present study, we sought to provide a direct assessment of the influence of PVH neuron activation on BAT sympathetic nerve activity (SNA) and thermogenesis.
MATERIALS AND METHODS
All procedures conform to the regulations detailed in the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of the Oregon Health and Science University. All efforts were made to minimize animal suffering and to limit the number of animals used. Male Sprague-Dawley rats (n ϭ 55; Charles River, Indianapolis, IN) weighing 250 -450 g were kept on a 12:12-h light-dark cycle and given ad libitum access to standard rat chow and water in a colony room maintained at 22-23°C. Rats were anesthetized with isoflurane (2-3% in oxygen), instrumented with femoral arterial and venous catheters, and transitioned to urethane and chloralose anesthesia (750 mg/kg and 60 mg/kg iv, respectively) over a 10-min period. All physiological variables were digitized [Micro 1401 MKII; Cambridge Electronic Design (CED), Cambridge, UK] and recorded on a computer hard drive for subsequent analysis (Spike 2; CED). Arterial blood pressure was recorded from the arterial catheter attached to a pressure transducer, and heart rate (HR) was derived from the arterial pressure signal. The trachea was cannulated, and the animals were ventilated (tidal volume: ϳ1 ml/100 g body wt, ϳ60 cycles/min) with 100% oxygen. End-expiratory CO 2 was monitored using a capnometer (model 2200; Dynatech Electro-optics, Saline, MI), and ventilation rate was adjusted to maintain resting end-expiratory CO 2 in the range of 4.0 -5.5%. Neuromuscular blockade was achieved by admin-istration of D-tubocurarine (0.5 mg iv, supplemented with 0.1 mg as needed to suppress spontaneous contractions of the diaphragm). Adequacy of anesthesia was verified before initial and supplemental neuromuscular blockade by absence of a withdrawal reflex or pressor response to foot pinch as well as by absence of a corneal reflex. Colonic (core) temperature (T core) was monitored using a copperconstantan thermocouple inserted 6 cm in the rectum and was maintained between 37 and 38°C with a water-perfused heating/cooling blanket and a heat lamp, except as noted. The trunk skin was shaved, and a copper-constantan thermocouple was taped to the abdominal skin to monitor skin temperature (T skin) beneath the heating/cooling blanket. Animals were placed in a stereotaxic instrument with the incisor bar positioned 4 mm below the interaural line. To stabilize the spinal cord, a clamp was placed on the caudal thoracic spinal vertebrae.
Recording BAT SNA and Temperature
The temperature of BAT (TBAT) was monitored using a thermocouple meter (TC-1000; Sable Systems International, Las Vegas, NV) with a Type T needle style microprobe thermocouple (Physitemp, Clifton, NJ) inserted in the intact, left interscapular BAT fat pad. Postganglionic BAT SNA was recorded under mineral oil with a bipolar hook electrode from the central cut end of a small-diameter (ϳ100 m) nerve bundle isolated from the ventral surface of the right interscapular fat pad after dividing it along the midline and reflecting it laterally. Nerve activity was filtered (1-300 Hz) and amplified (10,000 -50,000ϫ) with a Cyberamp 380 (Axon Instruments, Union City, CA). Spike 2 software (CED) was used to obtain a continuous measure (4 s bins) of BAT SNA amplitude by calculating the root mean square amplitude of the BAT SNA (square root of the total power in the 0.1 to 20 Hz band) from the autospectra of sequential 4-s segments of BAT SNA. Control values of BAT SNA were the averages of the BAT SNA amplitudes during the 32-s periods before all treatments, when T core was maintained between 37 and 38°C. Peak value for the BAT SNA response to a given treatment was defined as the average value during the 32-s period of maximal change in BAT SNA evoked by the treatment.
Microinjections
Glass micropipettes (outer tip diameter, 20 -30 m) were used for all microinjections, which were given over a 5-to 10-s period using a pressure injection system (model IIe; Toohey, Fairfield, NJ). The volume of the microinjection was determined using a reticule to measure the displacement of the meniscus in the micropipette. To make multiple microinjections at the same site, the micropipette was retracted vertically, emptied, rinsed with distilled water or saline, refilled, and then repositioned to the original coordinates.
Microinjection coordinates. Coordinates were as follows: for the PVH, 1.5-1.8 mm caudal to bregma, 0.5-0.7 mm lateral to the midline with a 2-2.5°medial angle (just lateral to the sagital sinus with the tip angled toward the midline), and 7.7-8.0 mm ventral to dura; for the medial preoptic area (MPO), 0 -0.3 mm caudal to bregma, 0.8 mm lateral to the midline, and 8.0 mm ventral to dura; for the DMH, 3.0 -3.4 mm caudal to bregma, 0.5-0.7 mm lateral to the midline, and 8.2-8.5 mm ventral to dura; for the raphe pallidus (RPa), 3.0 mm caudal to lambda, on the midline, and 9.6 -9.8 mm ventral to dura. Unless otherwise stated, microinjections were made unilaterally in the right PVH, the right DMH, or the right MPO, i.e., sites ipsilateral to the recorded BAT nerve.
The microinjection sites were marked by pressure microinjection of fluorescent polystyrene microspheres (FluoSpheres, F8797, F8801, or F8803; Molecular Probes, Eugene, OR) included in the injectate (1:200 dilution of FluoSpheres in the injectate). After the physiological recordings, rats were perfused (10% paraformaldehyde) transcardially, and brains were removed, postfixed (2-12 h), and sectioned (60-m coronal sections) on a microtome. Sections were mounted on slides and counterstained with cresyl violet, and microinjection sites were localized and photographed, as described previously (26) .
Drugs and Solutions
Drugs were obtained from Sigma (St. Louis, MO) and dissolved in saline. Isoflurane was obtained from Abbott Laboratories (North Chicago, IL).
Statistics
All statistics were performed using Systat software (version 10; Cranes Software International, Chicago, IL). Data are expressed as means Ϯ SE. Statistical significance was assessed using an ANOVA for repeated measures comparing time 0 (just before a treatment) to the peak response within 5 min of the treatment for BAT SNA and within 10 min of the treatment for other variables. Statistical results with P Ͻ 0.05 were considered significant.
Protocols Protocol 1.
To determine directly whether activation of neurons within the PVH increases sympathetic activation of BAT, N-methyl-D-aspartate (NMDA; 12 pmol in 60 nl) was microinjected in the PVH of rats (n ϭ 5) whose T core was maintained between 37 and 38°C. A subset of these rats (n ϭ 3) also underwent protocol 2 to determine whether activation of neurons within the PVH inhibits sympathetic activation of BAT. The other two rats received a subsequent microinjection of L-glutamate (6 nmol in 60 nl) in the PVH.
Protocol 2. To determine whether activation of neurons within the PVH inhibits sympathetic activation of BAT, a stable level of BAT SNA was evoked by lowering the rats' T core and Tskin and subsequently either NMDA (12 pmol in 60 nl; n ϭ 7) or the GABAA antagonist bicuculline methiodide (Bic, 30 pmol in 60 nl; n ϭ 13) was microinjected in the PVH. A subset of these animals (n ϭ 2) received a subsequent microinjection of Bic targeting the PVH contralateral to the nerve recording; in these cases, sufficient time was allowed between microinjections for recovery of the cooling-evoked increase in BAT SNA and thermogenesis (typically 15-20 min). Because microinjection of Bic in the MPO can inhibit BAT SNA (31), we controlled for the possible diffusion of Bic to the MPO with another group of rats (n ϭ 7, including three that had received a prior microinjection of Bic in the PVH) that received a microinjection of Bic in the rostral hypothalamus between the PVH and the MPO.
Protocol 3. To determine whether disinhibition of neurons within the PVH inhibits sympathetic activation of BAT evoked under febrile conditions, rats (n ϭ 11, including two that had undergone protocol 2) received a microinjection of prostaglandin E 2 (PGE2; 60 ng in 60 nl) in the MPO followed 5-30 min later by a microinjection of Bic (30 pmol in 60 nl) in the PVH or in the area surrounding the PVH. Five animals also received a subsequent microinjection of Bic targeting the PVH contralateral to the nerve recording allowing 15-20 min between microinjections for recovery of the PGE 2-evoked increases in BAT SNA and thermogenesis.
Protocol 4. To determine whether disinhibition of neurons within the PVH inhibits sympathetic activation of BAT evoked by disinhibition of neurons within the DMH, rats (n ϭ 9) received a microinjection of Bic (30 pmol in 60 nl) in the PVH or the area surrounding the PVH ϳ5 min after receiving a microinjection of Bic (30 pmol in 60 nl) in the DMH. One rat received microinjections of Bic in the PVH both ipsilateral and contralateral to the nerve recording. Microinjection of the saline vehicle in the PVH did not affect the DMHevoked increase in BAT SNA.
Protocol 5. To determine whether disinhibition of neurons within the PVH inhibits sympathetic activation of BAT evoked by activation of neurons within the RPa, rats (n ϭ 7) received a microinjection of NMDA (12 pmol in 60 nl) in the RPa before and after microinjection of Bic (30 pmol in 60 nl) in the PVH (in 5 of the 7 rats, the Bic microinjection was within the PVH; in the other 2 rats, the microinjection was outside of the PVH, thus serving as anatomical controls). This repeated-trial protocol was employed because of the short duration of the activation of BAT following microinjection of NMDA in the RPa. To control for this repeated-trial protocol, four rats also received a microinjection of NMDA in the RPa before and after microinjection (60 nl) of saline vehicle in the PVH. Additionally, we have previously demonstrated that repeated microinjections of NMDA in the RPa produce responses of consistent magnitude (24) .
Protocol 6. To determine whether disinhibition of neurons within the PVH inhibits sympathetic activation of BAT evoked by blockade of GABA A receptors within the RPa, rats (n ϭ 6) received a microinjection of Bic (30 pmol in 60 nl) in the RPa followed within 5 min by a microinjection of Bic (30 pmol in 60 nl) in the PVH. Two of these six rats also underwent protocol 5 (i.e., received a microinjection of Bic in the PVH before and after injection of NMDA in the RPa).
RESULTS

Microinjection of NMDA in the PVH Does Not Activate BAT
To test the hypothesis that activation of neurons within the PVH increase BAT SNA and thermogenesis, NMDA was microinjected in the PVH of rats whose T core was maintained between 37 and 38°C. In naïve anesthetized rats with core temperatures between 37 and 38°C, BAT SNA was low and exhibited no bursting discharge (Fig. 1) . Microinjection of NMDA in the PVH had no effect on BAT SNA (99 Ϯ 1% of control following NMDA; n ϭ 5; Fig. 1 A and B), T BAT (control: 34.5 Ϯ 0.2°C vs. after NMDA: 34.5 Ϯ 0.2°C), expired CO 2 (5.2 Ϯ 0.1 vs. 5.3 Ϯ 0.2%), mean arterial blood pressure (129 Ϯ 11 vs. 136 Ϯ 9 mmHg), or HR (413 Ϯ 21 vs. 420 Ϯ 24 beats/min). Microinjection of glutamate in the PVH also had no effect on the measured variables. Figure 1C shows the locations of the microinjection sites in the PVH.
Microinjection of NMDA or Bic in the PVH Inhibits Cooling-Evoked Activation of BAT
To test the hypothesis that activation of neurons within the PVH inhibit BAT SNA and thermogenesis, NMDA or Bic was microinjected in the PVH of rats whose skin and T core were lowered to elicit a stable level of cooling-evoked BAT SNA and thermogenesis. Figure 2 shows that microinjection of NMDA in the PVH rapidly and completely inhibited the cooling-evoked increase in BAT SNA (cooling-evoked: 861 Ϯ 184% control vs. after NMDA: 108 Ϯ 7% of control, representing a 99 Ϯ 1% inhibition of BAT SNA at 1 min after NMDA microinjection; P Ͻ 0.001; n ϭ 6). As expected from the short duration of action of NMDA, this inhibition of BAT SNA was transient, recovering within 3-10 min (Fig. 2 , A and Figure 2C shows that the six microinjection sites on which these results are based were centered within the PVH. The microinjection outside the PVH (Fig. 2C ) was less effective in inhibiting cooling-evoked BAT SNA (54% inhibition).
Microinjection of Bic in the PVH rapidly and completely inhibited the cooling-evoked increase in BAT SNA (Fig. 3, A and B; cooling-evoked: 795 Ϯ 209% control vs. after Bic in the PVH: 119 Ϯ 12% of control, representing a 99 Ϯ 1% inhibition within 3 min of the microinjection of Bic; P Ͻ 0.001; n ϭ 12). The Bic-evoked inhibition of BAT SNA lasted for ϳ10 -25 min (Fig. 3, A and B) . Microinjection of Bic in the PVH (Fig. 3, A and B ) also decreased T BAT (cooling-evoked: 35.4 Ϯ 0.3°C vs. after Bic: 34.0 Ϯ 0.4°C; P Ͻ 0.001), expired CO 2 (5.1 Ϯ 0.4 vs. 4.6 Ϯ 0.3%; P Ͻ 0.001), and T core (36.1 Ϯ 0.4 vs. 35.5 Ϯ 0.5°C; P Ͻ 0.02). The 12 microinjection sites on which these data are based were located within the PVH (Fig. 3D) .
To provide additional evidence that PVH is the locus of neurons whose activation elicits inhibition of BAT SNA, control microinjections of Bic were made in sites surrounding the PVH. As shown in Fig. 3C , Bic microinjections in sites immediately surrounding PVH (Fig. 3D ) elicited only modest inhibitions of cooling-evoked BAT SNA. These inhibitions of BAT SNA and reductions in BAT thermogenesis were never complete and had longer onsets and slower times to peak effect than did those produced by Bic injections centered within PVH (Fig. 3D) . Such responses are consistent with the possible diffusion of Bic to the nearby PVH. Unilateral microinjections of Bic in the caudal MPO, from ϳ0.8 to 1.0 mm caudal to bregma (Fig. 3D) , typically had little effect on BAT SNA and thermogenesis. Consistent with an earlier report (31), Bic injections in sites located in close proximity to the median preoptic nucleus (MnPO) (Fig. 3D) increased BAT SNA and BAT thermogenesis (data not shown).
Bic in the PVH Inhibits the Activation of BAT Evoked by Microinjection of PGE 2 in the MPO
PGE 2 in the MPO increased BAT SNA by 1,087 Ϯ 251% of control (n ϭ 6). Microinjection of Bic in the PVH rapidly and completely reversed the PGE 2 -evoked increase in BAT SNA ( Fig. 4 ; 100 Ϯ 1% inhibition within 3 min of the microinjection of Bic; P Ͻ 0.001; n ϭ 6) and also decreased T BAT (PGE 2 evoked: 36.0 Ϯ 0.3°C vs. after Bic: 35.3 Ϯ 0.2°C; P Ͻ 0.01) and expired CO 2 (5.3 Ϯ 0.2 vs. 4.9 Ϯ 0.2%; P Ͻ 0.02). Microinjection of Bic in the PVH increased arterial pressure (Fig. 4, A and B ; PGE 2 evoked: 142 Ϯ 5 mmHg vs. after Bic: 152 Ϯ 5 mmHg; P Ͻ 0.05). The locations of the PGE 2 microinjection sites (Fig. 4C) were in the MPO between ϩ0.2 and Ϫ0.4 mm from bregma. The locations of the microinjection sites (Fig. 4C) at which Bic was effective in reversing the PGE 2 in MPO-evoked increases in BAT SNA were within the PVH. As described above, for the inhibitions of cooling-evoked increases in BAT SNA, anatomical control microinjections of Bic in sites outside the PVH (Fig. 4C) produced reduced, slow-onset inhibitions of PGE 2 -evoked increases in BAT SNA. Fig. 4 . Unilateral microinjection of Bic in the PVH reversed the increases in SNA to BAT, TBAT, and expired CO2, evoked by microinjection of prostaglandin E2 (PGE2) in the MPO. A and B: representative example (A) and group data (B) (mean Ϯ SE, n ϭ 6) in which each point is the 30-s average of the variable values. *P Ͻ 0.05 compared with just before microinjection in PVH. C: locations of the injection sites plotted on atlas drawings adapted from Ref. 38 and labeled with the distances from bregma. Symbols indicate sites at which microinjection of Bic inhibited BAT SNA by Ͼ90% (filled circles), by 50 -70% (shaded squares), or by Ͻ50% (inverted triangles) or at which microinjection of PGE2 increased BAT SNA and thermogenesis (stars). 2n, Optic nerve; ARC, arcuate nucleus; DA, dorsal area of the hypothalamus; f, fornix; HDB, horizontal diagonal band; MnPO, median preoptic nucleus; mt, mammillothalamic tract; Re, nucleus reunions; VMH, ventromedial hypothalamic nucleus; VDB, vertical diagonal band; ZI, zona incerta.
Bic in the PVH Inhibits the Activation of BAT Evoked by Microinjection of Bic in the DMH/Dorsal Hypothalamic Area
Bic in the DMH/DA increased BAT SNA by 1,516 Ϯ 166% of control (n ϭ 4). Microinjection of Bic in the PVH rapidly and completely inhibited the increase in BAT SNA evoked by Bic in the DMH/dorsal hypothalamic area (DA; Fig. 5 , A and B; DMH evoked: 1,504 Ϯ 131% of control vs. after Bic in PVH: 149 Ϯ 31% of control, representing a 96 Ϯ 3% inhibition within 3 min of the microinjection in PVH; P Ͻ 0.01; n ϭ 4) and also decreased T BAT (Fig. 5, A and B; DMH evoked: 35.1 Ϯ 0.6 vs. 34.2 Ϯ 0.5°C within 5 min of the microinjection of Bic in PVH; P Ͻ 0.02). The locations of the microinjection sites in which Bic increased BAT SNA and thermogenesis (Fig. 5C ) were in the DMH or DA near Ϫ3.14 mm from bregma. The locations of the four microinjection sites (Fig. 5C ) at which Bic was effective in reversing the Bic in DMHevoked increases in BAT SNA were within the PVH. As described above for the inhibitions of cooling-evoked increases in BAT SNA, control microinjections of Bic in sites outside the PVH (Fig. 4C ) produced markedly reduced, slow-onset inhibitions of the increases in BAT SNA evoked by Bic in DMH. Microinjections either dorsal or caudal to the PVH were not effective in inhibiting BAT SNA and thermogenesis, whereas microinjections just ventral or ventrolateral to the PVH (in the bed nucleus of the stria terminalis) were partially effective in inhibiting BAT SNA.
Bic in the PVH Attenuates the Activation of BAT Evoked by NMDA in the RPa
The increase in BAT SNA evoked by microinjection of NMDA in the RPa was greatly attenuated by prior microinjection of Bic in the PVH (Fig. 6, A and B ; NMDA in RPa: 1,094 Ϯ 338% of control vs. NMDA in RPa after Bic in PVH: 299 Ϯ 119% of control, a 66 Ϯ 8% reduction in the response amplitude; P Ͻ 0.01; n ϭ 5), but not by prior microinjection of saline vehicle in the PVH (NMDA in RPa: 1,484 Ϯ 706% of control vs. NMDA in RPa after saline in PVH: 1,447 Ϯ 743% of control; P Ͼ 0.5). Similarly, the increase in T BAT evoked by microinjection of NMDA in the RPa was attenuated by prior microinjection of Bic in the PVH (Fig. 6, A and B ; NMDA in the RPa: ϩ1.8 Ϯ 0.5°C vs. NMDA in the RPa after Bic in the PVH: ϩ0.2 Ϯ 0.1°C; P Ͻ 0.01) but was not attenuated by prior microinjection of saline vehicle in the PVH (NMDA in the RPa: ϩ1.9 Ϯ 0.7°C vs. NMDA in the RPa after saline in the PVH: ϩ1.8 Ϯ 0.6°C; P Ͼ 0.4). The locations of the medullary microinjection sites at which NMDA increased BAT SNA and thermogenesis (Fig. 6C, right) were in the RPa near Ϫ11.3 mm from bregma. The locations of the five microinjection sites (Fig. 6C ) at which Bic was most effective in attenuating the increases in BAT SNA evoked by NMDA in RPa were within the PVH, whereas those outside the PVH (Fig. 6C) had little inhibitory effect on the BAT SNA and thermogenic responses to NMDA in the RPa.
Bic in the PVH Does Not Attenuate the Activation of BAT Evoked by Bic in the RPa
To test the hypothesis that activation of neurons within the PVH inhibits BAT SNA and thermogenesis via a GABAergic input to the RPa, Bic was microinjected in the PVH subsequent to antagonism of GABA A receptors with Bic, into the RPa. As previously reported (26, 28) , microinjection of Bic in the RPa produced an immediate and robust increase in BAT SNA and thermogenesis (Fig. 7A) . In contrast to the inhibitory effect of microinjection of Bic in the PVH on BAT SNA and thermogenesis in all other protocols (Figs. 3-6) , microinjection of Bic in the PVH had no effect on the increase in BAT SNA evoked by microinjection of Bic in the RPa (Fig. 7, A and B ; plateau within 5 min of the microinjection of Bic in RPa: 3,337 Ϯ 1,073% control vs. minimum within 10 min of microinjection of Bic in PVH: 3,053 Ϯ 1,194% of control; P Ͼ 0.3; n ϭ 6). Bic microinjection in the PVH did not reverse the increase in thermogenesis and metabolism evoked by microinjection of Bic in the RPa; in fact, T BAT , T core , T skin , and expired CO 2 continued to increase after microinjection of Bic in the PVH (Fig. 7, A and B) . These results are consistent with a significant role for the activation of GABA A receptors in the RPa in mediating the inhibition of BAT SNA following activation of neurons in the PVH. The locations of the medullary microinjection sites at which Bic increased BAT SNA and thermogenesis (Fig. 7C, right) were in the RPa near Ϫ11.3 mm from bregma. The locations of the six microinjection sites (Fig. 7C ) at which Bic had no effect on the increases in BAT SNA evoked by Bic in RPa were within the PVH. Of particular note are the two PVH sites (Fig. 7C) at which Bic inhibited (Ͼ75% inhibition) the increase in BAT SNA evoked by activation of NMDA receptors in the RPa but had no effect on the increase in BAT SNA evoked by blockade of GABA A receptors in the RPa.
DISCUSSION
These results provide the first direct evidence that neurons localized within the PVH can exert a potent inhibitory influence on the sympathetic outflow to BAT and thus on BAT energy expenditure and thermogenesis. Disinhibition (blockade of GABA A receptors) or excitatory amino acid activation of neurons within the PVH produced a complete inhibition of the BAT SNA and BAT thermogenesis evoked by both thermoregulatory and febrile stimuli. The activation of BAT inhibition by antagonism of GABA A receptors in the PVH indicates 1) that, at least under the conditions of our experiments, the BAT inhibitory mechanism in PVH is under a tonic GABAergic inhibition and 2) that PVH neurons mediating BAT inhibition have membrane mechanisms supporting spontaneous discharge or else they receive tonically active, receptor-mediated excitatory inputs capable of activating these PVH neurons when their tonic inhibition is relieved. The source of the tonically active GABAergic input to the PVH involved in the regulation of sympathetic outflow to BAT is unknown, although glutamic acid decarboxylase (GAD)-immunoreactive neurons with projections to the PVH have been reported in several areas surrounding the PVH, including the perisupraoptic area, the anterior perifornical area (including the bed nucleus of the stria terminalis), and the anterior hypothalamic area (44) . It is also notable that the DMH has a dense projection to the PVH (20) , although this projection is unlikely to be involved in the tonic GABAergic inhibition of PVH neurons involved in the regulation of BAT SNA, since few of these neurons are immunoreactive for GAD (44) . The finding that the increase in BAT SNA and thermogenesis evoked by NMDA receptor activation within the RPa is attenuated by activation of the PVH suggests that the PVHneuronmediated inhibitory input to the neural circuits regulating BAT SNA must occur at, or downstream of, the BAT sympathetic premotor neurons (more specifically, in the RPa or in the spinal cord). This conclusion is further supported by the failure of PVH neural activation to inhibit the increases in BAT SNA and thermogenesis elicited by blockade of GABA A receptors in the RPa, consistent with a critical role for a GABAergic input to the BAT sympathetic premotor neurons in the RPa in mediating the PVH-evoked inhibition of BAT SNA and thermogenesis. Although the PVH does contain neurons that project to the RPa (15), the finding that PVH neurons are not GABAergic (49) argues against a direct GABAergic projection from the PVH to BAT sympathetic premotor neurons in the RPa in mediating the PVH-evoked inhibition of BAT SNA. The location of the GABAergic inputs to RPa that are driven by PVH neuronal activation and are responsible for the PVHevoked inhibition of BAT SNA remains to be determined.
The present studies used the microinjection technique to activate local neurons selectively in several anatomical structures. Our finding that microinjections in the PVH were more effective than those in surrounding areas in eliciting rapidonset, complete, and long-duration inhibitions of the increases in BAT SNA and thermogenesis evoked by natural as well as neurochemical stimuli strongly supports the PVH localization of the neurons critical for driving this inhibition of BAT energy expenditure. In addition, the locations of the PVH microinjection sites effective in inhibiting BAT SNA in the present studies correlate well with the locations of PVH neurons that are transsynaptically labeled by microinjection of pseudorabies virus in BAT, including the ventromedial parvocellular, the dorsal parvocellular, and the posterior parvocellular regions of the PVH (6, 34) . We interpret the effectiveness of the occasional Bic microinjections made ventral or ventrolateral to the PVH as the result of reflux of the injectate dorsally along the pipette track in the PVH, although we cannot conclusively exclude a role for cells in this region in the BAT inhibitory effect.
The present results demonstrate that microinjection of Bic in the caudal MPO (0.8 -1.0 mm caudal to bregma) had little effect on either the cooling-evoked or the PGE 2 -evoked increase in BAT SNA and thermogenesis. In contrast, microinjection of Bic in the rostral MPO (ϳ0.12 mm rostral-0.6 mm caudal to bregma) has been demonstrated to completely reverse the increase in BAT thermogenesis evoked by skin cooling (30, 36) or by PGE 2 (35) . The lack of effect of microinjections of Bic in sites between the PVH and the rostral MPO excludes the possibility that the present results arose from diffusion of Bic from the PVH to neurons within the rostral MPO.
The present results are in conflict with the suggestion that activation of neurons within the PVH activates BAT thermogenesis via the sympathetic system (1). Given the high concentrations and larger injection volumes of glutamate used in the previous study, the most likely explanation for this discrepancy is that the previously reported increase in sympathetically mediated BAT thermogenesis arose, not from an effect of glutamate to increase the discharge of PVH neurons, but rather from its effect on BAT sympathoexcitatory neurons in neighboring areas, such as the DMH or the MnPO, after diffusion of glutamate from the PVH. In this regard, both the DMH (7, 25, 52, 53) and the MnPO (31) contain neurons exerting an excitatory influence on the sympathetic outflow to BAT. In Fig. 7 . The increases in SNA to BAT, TBAT, expired CO2, and Tcore evoked by microinjection of Bic in the RPa are not reversed by microinjection of Bic in the PVH. A and B: representative example (A) and group data (B) (mean Ϯ SE, n ϭ 6) in which each point is the 30-s average of the variable values. C: locations of the injection sites plotted on atlas drawings adapted from Ref. 38 and labeled with the distances from bregma. Symbols indicate PVH sites at which microinjection of Bic had no effect on the increase in BAT SNA evoked by microinjection of Bic in the RPa (inverted triangles), including two sites (solid inverted triangles) at which Bic in the PVH had inhibited the increase in BAT SNA evoked by microinjection of NMDA in the RPa (Ͼ75% inhibition, Fig. 6 ), or RPa sites at which microinjection of Bic increased BAT SNA, TBAT, expired CO2, Tcore, skin temperature (Tskin), AP, and HR (small filled circles).
contrast to the absence of histological evidence of injection sites and appropriate anatomical control injections in the Amir study (1), the present study used careful mapping of all microinjection sites, with smaller injection volumes and anatomical control microinjections in areas surrounding the PVH to support the localization of a BAT sympathoinhibitory mechanism in the PVH. Microinjection of excitatory amino acids or Bic in the PVH did not increase BAT SNA or BAT thermogenesis, but rather they elicited decreases in BAT SNA, energy metabolism, and BAT thermogenesis, whereas microinjections of Bic in the DMH or near the MnPO resulted in robust increases in BAT SNA and thermogenesis.
The present results demonstrate that activation of neurons within the PVH inhibits the increase in BAT SNA and thermogenesis evoked by the febrile intermediary PGE 2 . In earlier studies, however, lesions of the PVH resulted in a partial attenuation of the increases in core temperature evoked by administration of lipopolysaccharide (LPS) (4, 16, 23) , a pyrogen for which production of preoptic PGE 2 is an important step in fever production (48) . This apparent discrepancy may reflect a contribution of the PVH to the LPS-evoked pyrogenic mechanisms that are independent of the sympathetic activation of BAT thermogenesis, such as secretion of adrenal catecholamines, activation of the hypothalamic-pituitary-adrenal axis, or increased cutaneous vasoconstriction. These different results may also simply reflect the use of different pyrogens (PGE 2 compared with LPS), since large lesions of the PVH had no effect on the increase in core temperature in rats given a large intracerebroventricular dose of PGE 2 (16) . A third possibility that remains untested is that the PVH may contain a population of cells that is involved in activating BAT SNA following LPS administration and another tonically inhibited population whose activation leads to inhibition of BAT SNA and BAT thermogenesis. Understanding the role of the PVH in the febrile response will require studies to assess the specific contributions of PVH neurons to individual thermal effector responses during fever.
Activation of neurons within the PVH has been reported to increase (21, 27, 39, 41) , decrease (18, 19, 50) , or have no effect on arterial pressure (10, 40) , and the variability in the responses to stimulation of the PVH has been attributed to the method of stimulation, the activation of different populations of neurons within the PVH, and/or the presence of anesthesia (27) . Thus the variable changes in arterial pressure elicited in the present studies by microinjection of NMDA or Bic in the PVH are not surprising. Our finding that microinjection of Bic in the PVH did not affect arterial pressure during whole body cooling but elicited a pressor response following microinjection of PGE 2 in the preoptic area suggests that the cardiovascular response to activation of neurons within the PVH may also be influenced by the specific thermal condition of the animal at the time of experimental intervention. Whether the mechanisms by which thermal conditions influence the cardiovascular responses to activation of the PVH include alterations in the tonic GABAergic tone on PVH neurons or local changes in the levels of other neurotransmitters, such as nitric oxide, remains to be determined.
The novel insight provided by the present studies, that activation of neurons within the PVH inhibits BAT SNA, BAT metabolism, and BAT thermogenesis, may provide a clue to the mechanism underlying the inhibition of BAT SNA by glucoprivation, a model of hypoglycemia (11, 12) . Neurons in the PVH express Fos in response to glucoprivation (43) , and these may play a role not only in the glucoprivic inhibition of BAT SNA but potentially in that induced by fasting. In this respect, neuropeptide Y (NPY), which decreases sympathetic activation of BAT when injected in the PVH (13) , is released in the PVH during fasting (17) . Furthermore, in contrast to wild-type mice, which decrease UCP-1 mRNA in BAT during fasting, NPY knockout mice fail to decrease UCP-1 mRNA in BAT during fasting (37) . In light of these data, we speculate that NPY acting within the PVH may play a role in the fasting-induced inhibition of BAT SNA, a hypothesis supported by the demonstration that NPY presynaptically inhibits GABA release on PVH neurons (9, 42) and by the inhibition of BAT SNA elicited by Bic in the PVH in the present study.
Perspectives and Significance
In small mammals, including human infants, BAT is the principal effector system for adaptive thermogenesis (5) . Although the role of BAT in adaptive thermogenesis in adult humans remains controversial, it is now clear that adult humans have functional BAT (32) . Interestingly, a correlation has been described between the level of BAT activation and low body weight (32, 46) , thus supporting previous studies that have suggested that genetic variations in BAT effector systems (8) or decreased expression of UCP-1 in BAT (33) is correlated with weight gain in humans. Considering the importance of PVH neurons in mediating feeding responses (2) and in view of the potential role for decreased expression or reduced activation of BAT in the development or maintenance of obesity in humans, the present demonstration of the significant inhibitory regulation of BAT energy expenditure by neurons in the PVH provides continued support for a critical role for the PVH in overall energy homeostasis, including energy substrate acquisition, energy expenditure, including that necessary for thermoregulation, and energy storage. Because adult humans possess a sympathetically activated BAT that consumes energy, understanding the neural circuits that control BAT metabolism, including the roles of neurons in the PVH, and their neurochemical regulation could suggest novel therapeutic approaches to increase energy expenditure and combat obesity.
